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ABSTRACT
Type Ia supernovae (SNe Ia) are believed to be a thermonuclear explosion of a white dwarf, but the
mass of their progenitors is still an open problem. In near-Chandrasekhar-mass (near-MCh) models of
SNe Ia, the central density reaches & 109 g cm−3. The electron chemical potential becomes higher than
the Q-values of electron capture (EC) transitions between fp-shell nuclei, so a portion of the available
electrons is captured by iron group elements and thus neutron-rich isotopes are formed. Since EC
reaction rates are sensitive to the density, the degree of neutronization is a key to distinguish near- and
sub-MCh models. In order to compare observations and theoretical models, an accurate treatment of
EC reactions is necessary. In previous theoretical works, however, effects of electron screening on ECs
are ignored. Screening lowers EC rates and thus leads to a higher electron fraction. We implement
electron screening on ECs to calculate explosive SN Ia nucleosynthesis in a near-MCh single degenerate
model. It is found that some of neutron-rich nuclear abundances, namely those of 46, 48Ca, 50Ti, 54Cr,
58Fe, 64Ni and 67, 70Zn, decrease when screening effects on ECs are considered. Of these, 50Ti, 54Cr
and 58Fe are particularly interesting because a significant portion of the solar abundance of these nuclei
is presumed to originate from SNe Ia. We conclude that implementing the screening effect on ECs in
modern SN Ia models is desirable to precisely calculate abundances of neutron-rich nuclides.
Keywords: nucleosynthesis — stars: white dwarfs — supernova: general
1. INTRODUCTION
Explosive nucleosynthesis in Type Ia supernovae (SNe
Ia) is a major source of iron group elements in the
Galaxy, but the nature of their progenitor is still un-
der debate. Proposed models of SN Ia progenitors are
classified into two regimes. In near-Chandrasekhar-mass
(near-Mch) models (e.g. Whelan & Iben 1973; Iben &
Tutukov 1984), carbon fusion is ignited in a white dwarf
(WD) when its mass gets close to Mch. On the other
hand, in sub-Mch models (e.g. Woosley & Weaver 1994;
Guillochon et al. 2010), a SN explosion is triggered even
if a WD is lighter than Mch.
∗ Research Fellow of Japan Society for the Promotion of Science
Electron capture (EC) reactions play a key role in
each model. In near Mch-models, more neutron-rich iso-
topes are produced because of the high central density
& 109 g cm−3. Abundances of neutron-excess isotopes
have been measured in astronomical observations. X-
ray observations of SN Ia remnants Kepler (Park et al.
2013), Tycho (Yamaguchi et al. 2014), and 3C 397 (Ya-
maguchi et al. 2015) have been performed to estimate
the nickel and manganese abundances. Also, late-time
light curves of SN 2011fe (Shappee et al. 2017; Dimi-
triadis et al. 2017), 2012cg (Graur et al. 2016), 2013aa
(Jacobson-Gala´n et al. 2018), 2014J (Yang et al. 2018; Li
et al. 2019), and 2015F (Graur et al. 2018) can be used
to estimate the abundances of 57Co and 55Fe, assuming
that they are powered by the decay-chains of isobars
mass numbers A = 57 and A = 55 (Seitenzahl, Tauben-
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berger, & Sim 2009). In order to understand the origin
of SN Ia, it is necessary to accurately calculate abun-
dances of neutron-rich nuclei and compare the models
with the observations.
The measurement of EC rates of fully-stripped unsta-
ble nuclei is all but impossible, so nuclear shell mod-
els have been adopted to calculate them theoretically
(Fuller, Fowler & Newman 1982a,b; Dean et al. 1998;
Langanke & Mart´ınez-Pinedo 2001; Honma et al. 2004,
2005). Although the shell models have gradually be-
come more sophisticated, only bare EC rates have been
used as an input to SN Ia models (e.g. Iwamoto et al.
1999; Brachwitz et al. 2000; Parikh et al. 2013; Mori et
al. 2016, 2018; Bravo 2019). However, since nuclear re-
actions in SNe occur in ionized plasma, electron screen-
ing changes effective nuclear reaction rates. Such effects
have been considered only for thermonuclear charged
particle reaction rates (Salpeter 1954; Dewitt, Graboske
& Cooper 1973; Graboske et al. 1973; Famiano, Bal-
antekin, & Kajino 2016). Effects of screening on ECs
have not been estimated in SNe Ia, though they have
been explored in big bang nucleosynthesis (Luo et al.
2020) and SNe II (Famiano et al. 2020). These poten-
tially affect neutronization in SNe Ia remarkably.
We therefore perform calculations of SN Ia nucleosyn-
thesis with screened EC rates. This paper is organized
as follows. In Section 2, we explain the method to calcu-
late the effect of screening on ECs and the adopted SN
Ia models. In Section 3, we compare the results of SN Ia
nucleosynthesis calculations with and without electron
screening with each other. These results are discussed
and summarized in Section 4.
2. METHOD
2.1. Electron Capture Rates
The EC rates in stellar environments are evaluated
as (Fuller, Fowler & Newman 1982a,b; Langanke &
Mart´ınez-Pinedo 2001; Suzuki et al. 2011)
λ=
ln 2
6146(s)
∑
i
Wi
∑
j
(Bij(GT ) +Bij(F ))Φ
ec,
Φec=
∫ ∞
ωmin
ωp(Qij + ω)
2F (Z, ω)Se(ω)dω,
Qij = (Mpc
2 −Mdc2 + Ei − Ef )/mec2,
Wi=
(2Ji + 1)e
−Ei/kT∑
i(2Ji + 1)e
−Ei/kT , (1)
where ω(p) is electron energy (momentum) in units of
mec
2 (mec), me is the electron mass, Mp and Md are
nuclear masses of parent and daughter nuclei, respec-
tively, and Ei (Ef ) is the excitation energy of initial
(final) state. Here, B(GT ) and B(F ) are Gamow-Teller
and Fermi transition strengths, respectively, given by
Bij(GT ) =
(
gA
gV
)2
1
2Ji + 1
|〈f ||
∑
k
σktk+||i〉|2,
Bij(F ) =
1
2Ji + 1
|〈f ||
∑
k
tk+||i〉|2, (2)
where Ji is the total spin of initial state and t+|p〉 = |n〉.
F (Z, ω) is the Fermi function and Se(ω) is the Fermi-
Dirac distribution for electrons, with the chemical po-
tential determined at high densities, electron fraction,
and temperature, indicated by ρYe, Ye, and T , respec-
tively. The chemical potential is determined by,
ρYe =
1
pi2NA
(mec
~
)3 ∫ ∞
0
(Se − Sp)p2dp,
S`=
1
exp(E`−µ`kT ) + 1
, (3)
where ` = e for electrons and p for positrons and µp =
−µe is the positron chemical potential.
Here, the Coulomb corrections on the transition rates
due to the electron background are studied. The screen-
ing effects on both electrons and ions are taken into ac-
count for the Coulomb effects (Juodagalvis et al. 2010;
Toki et al. 2013; Suzuki, Nomoto & Toki 2016). The
screening effects of electrons are evaluated by using the
dielectric function obtained by relativistic random phase
approximation (RPA) (Itoh et al. 2002). The effect is
included by reducing the chemical potential of electrons
by an amount equal to the modification of the Coulomb
potential at the origin Vs(0) (Juodagalvis et al. 2010),
where
Vs(r) =Ze
2(2kF )J(r),
J(r) =
1
2kF r
(
1− 2
pi
∫
sin(2kF qr)
q(q, 0)
dq
)
. (4)
Here, (q, 0) is the static longitudinal dielectric function
at zero frequency, and q = k/2kF with k and kF the
electron wave number and Fermi wave number, respec-
tively. The modification to the Coulomb potential J(r)
is tabulated in Itoh et al. (2002).
The other Coulomb effect is caused by the screening
of the ions in the electron background. The threshold
energy is modified by
∆QC = µC(Z-1)− µC(Z), (5)
where µC (Z) is the Coulomb chemical potential of the
nucleus with charge number Z (Slattery, Doolen & De-
Witt 1982; Ichimaru 1993). The Coulomb chemical po-
tential in a plasma of electron number density ne and
temperature T is given by
µC(Z) = kTf(Γ), (6)
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Figure 1. Comparison of calculated e-capture rates for 56Ni
(e−, ν) 56Co obtained with the GXPF1J at densities ρYe =
107, 108 and 109 mol cm−3 for temperatures T = 108-1010 K.
Solid and dashed curves denote the rates with and without
the screening effects, respectively.
with Γ = Z5/3 Γe, Γe =
e2
kTae
and ae = (
3
4pine
)1/3. The
function f for the strong-coupling regime, Γ > 1, is given
by Equation (A.48) in Ichimaru (1993), while for the
weak-coupling regime, Γ < 1, an analytic function given
by Yakovlev & Shalybkov (1989) is used (see also Equa-
tion (A.6) in Juodagalvis et al. 2010). The threshold
energy is enhanced for EC processes, and the EC (β-
decay) rates are reduced (enhanced) by the Coulomb
effects.
The EC rates for pf -shell in stellar environments are
evaluated with the use of the shell-model Hamiltonian,
GXPF1J (Honma et al. 2005), which is a modified ver-
sion of GXPF1 (Honma et al. 2004). The quenching of
the axial-vector coupling constant is taken to be geffA /gA
= 0.74 (Caurier et al. 2005). Transitions from the states
with excitation energies up to EX = 2 MeV are taken
into account. Here, the experimental data such as ex-
citation energies for excited states in both parent and
daughter nuclei and B(GT ) values are taken into ac-
count when they are available in the online retrival sys-
tem of National Nuclear Data Center1. Calculated e-
capture rates for 56Ni (e−, ν) 56Co with and without
the screening effects are shown in Fig. 1. The weak
rates for the case with the screening effects are found
1 https://www.nndc.bnl.gov/
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Figure 2. The time evolution of the central temperature Tc
and density ρc. The black lines show the W7 model and the
red lines show the WDD2 model. The solid lines show Tc
and the broken lines show ρc.
to be reduced by about 20-40% compared with those
without the screening effects.
2.2. Nucleosynthesis Calculation
Because nucleosynthesis in sub-Mch models is nearly
as sensitive to EC rates (Bravo 2019), we focus on
near-Mch models. Physical mechanism of propaga-
tion of the burning front in SNe Ia is still unclear
(e.g. Niemeyer 1999; Branch & Wheeler 2017). We
adopt two one-dimensional near-Mch models with dif-
ferent burning schemes. One is W7 (Nomoto, Thiele-
mann & Yokoi 1984), which is a widely-used deflagra-
tion model, and the other is WDD2 (Iwamoto et al.
1999), which is a delayed-detonation model. These mod-
els adopt the equation of state in Slattery, Doolen &
DeWitt (1982) and Slattery et al. (1980), which take
the Coulomb correction into account. Since the critical
density of the deflagration-detonation transition is not
known (Niemeyer & Kerstein 1997), it is assumed to be
2.2 × 107 g cm−3 in WDD2. The time evolution of the
central temperature Tc and density ρc of the models is
shown in Fig. 2.
We performed nuclear reaction network calculations
as a post process with W7 and WDD2 using libnucnet
(Meyer & Adams 2007). The initial composition is
X(12C) = 0.475, X(16O) = 0.50, and X(22Ne) = 0.025,
where X(i) is the mass fraction of each nucleus i. The
network calculation is performed until 100 s after the
ignition at the WD center and after that unstable nuclei
are forced to decay. The network includes 5441 nuclear
species up to astatine. Thermonuclear reaction rates
are taken from the JINA REACLIB v1.1 database (Cy-
burt et al. 2010). EC rates of fp-shell nuclei are calcu-
lated from the GXPF1J shell model (Honma et al. 2005).
The EC rates of other nuclei are taken from Oda et al.
(1994) and Fuller, Fowler & Newman (1982a,b). The
4 Mori et al.
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Figure 3. The time evolution of the electron fraction at the
center of the SN Ia models. The solid lines indicate the result
with the screening effect on both of ECs and thermonuclear
reactions, while the broken lines indicate the result with the
screening effect only on thermonuclear reactions.
treatment of electron screening for thermonuclear reac-
tions is based on Wallace, Woosley & Weaver (1982).
Screened EC rates for pf -shell nuclei are treated as
we explain in Section 2.1, and the screening effect on
EC rates for other nuclei is not considered. The EC
rates are tabulated in a range ρYe = 10
5 − 1011 mol
cm−3 and T = 107 − 1011 K (Honma & Suzuki 2020).
The libnucnet calculates the effective ft-values (Fuller,
Fowler & Newman 1985) from the tabulated rates and
interpolate log ft as a linear function of T and log ρ to
perform the network calculation.
3. RESULTS
Using the modifications to the EC capture rates pre-
viously computed, the W7 and WDD2 thermodynamic
trajectories were used to compute the final nuclear abun-
dances in each model.
3.1. W7 Model
The neutronization degree of plasma can be repre-
sented by the electron fraction Ye =
∑
i ZiYi, where
Zi is the atomic number and Yi is the mole fraction of
the i-th nuclear species. Thus, for equal numbers of neu-
trons and protons, the Ye is exactly 0.5. If the number of
neutrons exceeds that of protons, the Ye becomes lower
than 0.5.
Fig. 3 shows the time evolution of Ye at the center of
the explosion. The solid lines indicate the results with
the screening effect on both of ECs and thermonuclear
reactions, while the broken lines indicate the results with
the screening effect only on thermonuclear reactions.
In our models, the initial electron fraction is Ye =
0.49886, which is slightly lower than 0.5 because of the
abundance of the neutron-rich nucleus 22Ne in the initial
composition. The EC reactions freeze out after ∼ 1 s of
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Figure 4. The abundance ratios with and without screening
on ECs. W7 is adopted as a SN Ia model.
the explosion. It is seen that the screened lower EC
rates results in a higher Ye. The electron fraction at
10 s is Ye = 0.45747 if screening on ECs is considered,
while Ye = 0.45682 if screening only on thermonuclear
reactions is considered.
It is known that neutronization in the central region
of a WD is determined by the EC on protons (e.g. Bravo
2019). Although the screening effect on the EC of pro-
tons is not considered in the present work, we checked
that the change in the EC rate of protons is within 1%.
This is because the electric charge of protons is smaller
than those of fp-shell nuclei. When we consider the
screening effect on free protons, the central electron frac-
tion is Ye = 0.45751. This value is slightly higher than
the one shown in the previous paragraph, but it does
not lead to qualitative differences in abundances.
Fig. 4 shows a comparison of the nucleosynthetic
yields in the cases with and without the screening ef-
fect on ECs. One can find that the abundances of
neutron-rich isotopes are smaller when the screening ef-
fect on ECs is considered. Most notably, the abundances
of 48Ca, 50Ti, 54Cr, 58Fe, 64Ni and 70Zn are 30-50%
smaller.
Fig. 5 shows the SN Ia yields normalized to the solar
abundances. The normalized abundance [X/56Fe] for a
nuclide X is defined as
[X/56Fe] = log
(
Y (X)
Y (56Fe)
)
− log
(
Y(X)
Y(56Fe)
)
, (7)
where Y (i) and Y(i) are respectively the number abun-
dances in the SNe Ia models and in the Solar System of
species i (Lodders 2020). The solid lines show the result
in the case with the screening effect on ECs, while the
dashed lines indicate results without EC screening. In
a SN Ia, as much as ∼ 0.8M of iron group elements
can be produced, while only ∼ 0.1M is produced in
a core-collapse SN. For a Galactic SNe Ia event rate of
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abundances. The solid lines adopt screening on ECs and the
broken lines do not. W7 is adopted as a SN Ia model.
50Ti 54Cr 58Fe
EC+thermo scr 1.2± 0.2 8.5± 1.2 5.7± 0.8
thermo scr 1.8± 0.3 12± 2 7.6± 1.1
Table 1. Contribution of SNe Ia to the Solar abundances
in units of percent. The W7-like explosion is assumed to
dominate the whole SN Ia population. The uncertainties
are estimated based on errors in Galactic SN rates (Li et al.
2011).
(∼ 0.54 ± 0.12) /century and a core-collapse SNe event
rate of (∼ 2.30±0.48) /century (Li et al. 2011), it is ex-
pected that ∼ 65% of the iron group elements originates
from SNe Ia. For the neutron-rich nuclides, production
is affected by screening of ECs. The contribution of SNe
Ia to the Solar abundance of 48Ca, 50Ti, 64Ni and 70Zn is
negligible. However, [54Cr/56Fe] and [58Fe/56Fe] reach
∼ −1. This implies that the contribution of SNe Ia for
these nuclei can be as high as ∼5-10%. The contribu-
tion of SNe Ia to the Solar abundances of these nuclei
is summarized in Table 1. The abundances of 54Cr and
58Fe are significantly affected by screening of ECs. It is
therefore remarkably important to consider its effect in
discussing the origins of these nuclei.
3.2. WDD2 Model
The qualitative effect of screening on the WDD2
model is similar to that of the W7 model. Fig. 3 shows
the time evolution of Ye. As seen in W7, the resultant
Ye is higher as a result of EC screening. The electron
fraction at t = 10 s is Ye = 0.45031 if screening effects
on ECs and thermonuclear reactions are considered and
Ye = 0.44967 if screening only on thermonuclear reac-
tions is considered.
Fig. 6 shows the abundance ratio for cases with and
without screening on ECs. It is seen that the abun-
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Figure 7. The abundances normalised by the Solar and 56Fe
abundances. The solid lines adopt screening on ECs and the
broken lines do not. WDD2 is adopted as a SN Ia model.
dances of neutron-rich isotopes tend to be smaller if
screening on ECs is considered. In particular, the abun-
dances of 46Ca, 48Ca, 50Ti, 54Cr, 58Fe, 64Ni, 67Zn and
70Zn are 10-30% smaller.
While the final abundances of almost all nuclei are
not affected by the suppressed EC rates, the abundance
of 63Cu increases by 7% when screening on ECs is con-
sidered. Half of 63Cu is formed by the β-decay of 63Zn
whose life-time is 38 min. Because excess of proton num-
ber of 63Zn is larger than any stable isotopes of zinc, its
abundance increases by the suppressed EC rates. As a
result, the abundance of 63Cu becomes higher.
Fig. 7 shows the abundances normalized to Solar val-
ues. The solid lines indicate results corresponding to the
case with EC screening, and the dashed lines correspond
to screening of thermonuclear reactions only. For the
nuclides affected by EC screening, the contribution of
SNe Ia to the Solar abundances for 46, 48Ca, 64Ni, and
67, 70Zn is negligibly small. However, the abundances
6 Mori et al.
50Ti 54Cr 58Fe
EC+thermo scr 45± 7 150± 22 54± 8
thermo scr 51± 8 165± 24 58± 9
Table 2. Contribution of SNe Ia to the Solar abundances
in units of percent. The WDD2-like explosion is assumed
to dominate the whole SN Ia population. The uncertainties
are estimated based on errors in Galactic SN rates (Li et al.
2011).
of 50Ti, 54Cr, and 58Fe reach [50Ti/56Fe] = −0.16,
[54Cr/56Fe] = 0.36, and [58Fe/56Fe] = −0.080, where
screening on ECs is considered. The SN Ia contribution
to the Solar abundances can be as high as∼ 50% for 50Ti
and 58Fe, and > 100% for 54Cr. The overproduction of
54Cr has been reported by previous works (Iwamoto et
al. 1999; Mori et al. 2016; Leung & Nomoto 2018) as
well. The contribution of SNe Ia for these nuclei is sum-
marized in Table 2.
4. DISCUSSION
In this study, we calculate EC rates of pf -shell nu-
clei and apply them to SN Ia nucleosynthesis. The
suppressed EC rates result in smaller Ye values in SN
ejecta and thus smaller abundances of neutron-rich nu-
clei. The abundances of 46, 48Ca, 50Ti, 54Cr, 58Fe, 64Ni
and 67, 70Zn are most prominently affected, although the
details of the abundance pattern and sensitivity to the
EC rates depend on the explosion models. This result is
consistent with previous works (Brachwitz et al. 2000;
Bravo 2019) which point out strong sensitivity of these
nuclei to EC rates.
Screening of ECs does not affect the abundances of
isobars with mass numbers of A = 55 and 57, which are
estimated from late-time light curves of SNe Ia. The
effect on the elemental abundances of nickel and man-
ganese, which are estimated in SN remnants, are . 0.4%
for nickel and . 0.5% for manganese.
Of the neutron-rich nuclei that are affected by screen-
ing on ECs, 50Ti, 54Cr and 58Fe are particularly interest-
ing because SNe Ia can significantly contribute to their
Solar abundances. Since the production of these nuclei
depends on the central density (Seitenzahl et al. 2013;
Leung & Nomoto 2018), they are a good indicator of the
mass of SN Ia progenitors. Hence the information of SN
Ia models can be imprinted in the Solar abundance pat-
terns of titanium, chromium, and iron. In order to com-
pare the SN Ia models and the observed abundance pat-
terns of these nuclei, we recommend implementing the
screened EC rates in modern multi-dimensional SN Ia
models (Maeda et al. 2010; Jackson et al. 2010; Krueger
et al. 2012; Seitenzahl et al. 2013; Leung & Nomoto
2018).
The post-processing technique adopted in this study
decouples hydrodynamics from detailed nucleosynthe-
sis. However, since the electron pressure depends on
Ye, changes in EC rates can significantly affect over-
all dynamics of SN Ia. For example, incinerated bub-
bles around the WD center float outwards in three-
dimensional models, and their motion is dependent on
EC rates (Bravo 2019). Also, the spatial extent of the
density inversion behind the deflagration front is depen-
dent on EC rates (Timmes & Woosley 1992). These
interplays between dynamics and nuclear reactions are
not taken into account in the current post-process calcu-
lation for one-dimensional explosion models. It is hence
desirable to couple hydrodynamics and the updated EC
rates and consider multi-dimensionality in future stud-
ies.
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